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1.1 Composite Materials 
In human history, people have never stopped looking for new materials. 
Composite materials were made and used in ancient times. Vinson et al mentioned that 
Exodus 5 had described that the ancient Israelites made bricks by mixing clay and straw 
[1]. That is an early example of the application of composite materials. 
Composite materials are used more and more widely in the industrial age. What 
is a composite material? In ASTM D 3878-95c, a composite material has been defined as: 
“Composite Material. A substance consisting of two or more materials, insoluble in one 
another, which are combined to form a useful engineering material possessing certain 
properties not possessed by the constituents [1].” In general, a composite material is 
made of one discontinuous phase dispersed in one continuous phase. “The continuous 
phase is called the matrix. The discontinuous phase is called the reinforcement, or 
reinforcing material [2].” 
The classification of composites can be categorized by the form of reinforcing 





fiberous composites, particulate composites, and flake composites when considering the 
form of reinforcing material [1]. Alternatively, the classifications of composite materials 
can be made according to the nature of continuous matrix. This includes polymer matrix 
composites, metal matrix composites, ceramic matrix composites and carbon-carbon 
composites (carbon fibers in a carbon matrix) [2]. Today, the composites most often used 
are polymer matrix composites. 
The properties of composite materials are determined by the properties of the 
constituent materials— the reinforcement materials and the matrix. The addition of the 
reinforcement improves the mechanical and physical properties of the finished 
composites including the strength [3, 4], stiffness and toughness [5-7], high temperature 
stability [8, 9] and environmental resistance [10, 11]. Another purpose of adding more 
filler is cost reduction. Usually, the matrix is a high performance polymeric resin, which 
protects the reinforcement materials against abrasion or environmental corrosion [1]. The 
matrix also provides a mechanism for evenly transferring the mechanical loads to the 
reinforcement materials [1]. 
During the 1940s, the Fiberglass Reinforced Plastics (FRP) industry was 
developed [12]. The combination of glass fiber with thermoset resin matrix systems 
supplied competitive materials at that time [12]. Today the composite materials industry 
extends into various fields including “transportation, building/construction, marine, 




leading composites website JEC (www.jeccomposites.com) conducted a market survey in 
2004. The composites industry supplied the working opportunity for over 400,000 people
worldwide and represented a market over 41.5 billion European dollars [13]. “The 
composites industry is now considered a mature market: the industry’s growth – linked to 
GDP growth –has been estimated at 4% to 5% per year in volume for the 2003-2008 
period and at 2% to 3% per year in terms of value [13].” 
Composite materials, especially polymer matrix composites, still have a few 
drawbacks compared with metals, which include low operating temperatures, high 
coefficients of thermal and moisture expansion, and low elastic properties in certain 
directions [14]. Mismatch in the coefficient of the thermal expansion between fibers and 
the matrix lead to the buildup of residual stress when the resin is cured at elevated 
temperatures and is then cooled to room temperature [14]. The significant growth of the 
composite industry illustrates that composite materials can compete and displace metals 
in many instances due to such advantages as lower costs, high strength/density ratios, low 
rate of corrosion, and better fatigue properties and ease of fabrication [12]. 
1.2 Nanocomposite materials 
1.2.1 General introduction 
Nanocomposite materials have well dispersed reinforcement phases where at 
least one dimension is in the order of nanometers [15]. The continuous matrix is 
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frequently a polymer. Nano-sized reinforcements have tremendous total surface areas 
because of the nanoscale size of the individual units. Thus, a large interfacial area exists 
between the filled matrix and the nanoparticles. This huge interfacial area allows 
nanocomposites to exhibit novel and often significantly improved physical [16], chemical 
[17], and engineering properties [18-22] compared with either the pristine matrix or 
analogous macroscopic reinforcements which are used in these same matrices to form 
composite materials. Dramatic enhancements of various properties can often be achieved 
by adding typically less than 5 volume percent nanoparticle into matrix [23]. 
The interest in synthesis, characterization, processing, and commercialization of 
nanocomposite materials has been rapidly generated and spread widely in the past decade 
[15]. Matrices widely used in nanocomposite fabrication include polymer resins, 
ceramics, and metals, as with conventional composite materials. Among these matrix 
candidates, polymers are often preferred by researchers and designers because the 
densities of polymers are smaller than most metals. Polymers are better than more brittle 
ceramics when comparing the fatigue property [24]. Polymer-based nanocomposite 
materials are very competitive due to their enhanced properties including efficient 
reinforcement with minimal loss of ductility and impact strength [25]. Thermal endurance, 
flame resistance, improved barrier properties, improved abrasion resistance, reduced 
shrinkage and residual stress, altered electrical, electronic and optical properties can also 







1.2.2 Polymer-Clay Nanocomposites 
1.2.2.1 Nanoclay 
Nanoclay is most often prepared from montmorillonite clay, a member of the 
smectite family. The natural clay particles are composed of a large number of stacked 
hydrous sheets (platelets). Each sheet is essentially a two-dimensional layer-like structure. 
Each sheet is composed of two or three layers which are bonded together. These layers 
have two different structures. One is tetrahedral layer (T), the other one is octahedral 
layer (O). The general component in tetrahedral structure has the typical formula T2O5 in 
which T stands for a tetrahedral cation, such as Si4+ (mainly), Al3+ or Fe3+. Similarly, the 
central locations in octahedral layer are occupied by medium-sized octahedral cations, 
such as Al3+ (mainly), Mg2+, Fe2+ or Fe3+. The corner oxygens shared by the tetrahedral 
and octahedral layers, plus the unshared hydroxyls link the two different geometry 
structures together, to form the unit platelets in clay particles [26]. 
There are two typical sheet compositions. One is a tetrahedral layer fused with 
an octahedral layer to form the T-O sheet [26]. The other is one aluminum oxide 
octahedral layer sandwiched by two silicon oxide tetrahedral layers (T-O-T sheet) [27a]. 
The term “interlayer” in clay science is used to describe the space between two 
successive clay platelets. In many clay minerals, the Si4+ in tetrahedral layers are partially 




by Mg2+ or Fe2+. Such a substitution causes the negative charges within the individual 
clay platelets. Various hydrated cations (Na+, K+, Ca2+, Mg2+) are found in the interlayer 
region to balance the excess of negative charges located within the platelets (Figure 1.1) 
[26]. 
Figure 1.1 The Structure of a Single Montmorillonite Platelet Crosssection (reprinted 
and modified with permission from [27b]) 
The most popular layer constitution of smectites is T-O-T sheet. In the smectite 
family, montmorillonites have the general chemical formula Mx(Al4-xMgx)Si8O20(OH)4 
(M = monovalent cation; x = degree of isomorphous substitution (between 0.5 and 1.3)) 
[28]. The interlayer spacing plus the thickness of one platelet is called basal spacing or 
d-spacing. The normal d-spacing for T-O-T layer is from 10 to 18Å [26]. 
Figure 1.2 illustrates the typical structure of montmorillonite clay. The unit sheet 
has a thickness of about one nanometer, but surface area of these sheets are generally 20 
to more than 2000 nanometers, resulting in an unusually high aspect ratio [29]. The clay 
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platelets are stacked together through weak van der Waals forces in particles with up to 
thousands of layers, forming a clay particle which is usually about several micrometers 
[26, 30]. 
Figure 1.2 Montmorillonite layers with the formula of 
K0.58(Al,Mg)2(OH)2[(Si,Al)2O5]2 (reprinted and modified with 
permission from [29]) 
As mentioned above, montmorillonite is a hydrophilic inorganic compound. It is 
very difficult to prepare clay-based polymer nanocomposites by dispersing unmodified 
nanoclay into polymers because polymers are generally hydrophobic organic compounds 




clay and hydrophobic organic polymer causes agglomeration of the clay particles in the 
polymer matrix [32]. In order to change this inherent incompatibility, ion exchange of the 
Na+, K+, Mg2+, Ca2+ etc interlayer (gallery) cations in the pristine clay layers by organic 
cations is conducted to “match the clay’s surface polarity with the polarity of the 
polymer” [32]. This also expands the interlayer spacing (gallery) of clay, thereby 
increasing the ease of a polymer’s entry into the galleries [32]. This type of modified 
organophilic clay, obtained through an organic ion exchange process, is called organoclay 
[33]. Alkylammonium cations are most often used in ion exchange process (Figure 1.3). 
Nanocor and Southern Clay Products are commercial sources of some ion-exchanged 
organoclays. The structures of several alkylammonium cations used in the ion exchange 
process to produce commercial nanoclays are listed in Figure 1.4. Some basic properties 








d-spacing = 1.0 
to1.3nm 
Portion of Na+ MMTclay particle 
d-spacing = 1.0 to 1.3nm 
"Organoclay" particle 
Galleries expanded. 
d-spacing = 1.8 to 2.6nm depending on the organoammonium 
ion used 





H2C N CH3 H3C N T 
HT 
CH2CH2OH 
Cloisite 10A (HT is hydrogenarated tallow, Cloisite 30B (T is tallow, containing 
containing about about 65%C18, 30%C16 and 5%C14.) about 65%C18, 30%C16 and 5%C14.) 
CH3 CH3 
H3C N CH3 NH3 H3C N (CH2)9 CH3 
(CH2)18 (CH2)17 (CH2)9 
CH3 CH3 CH3 
Nanomer I.28E Nanomer I.30E Nanomer I.44PA 
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Figure1.4 The structures of alkylammonium cations used in commercial nanoclay [34] 
Table 1.1 Typical properties of organoclay [34] 








1.90 1.98 1.90 1.82 / 
Bulk Density
(pounds/ft3) 
10.21 14.25 26 25 / 
Moisture (%) < 2% < 2% < 3% < 3% / 
d-spacing (Å) 19.2 18.5 25.6 23 25.6 
Krishnamoorti et al mentioned that clay-based polymer nanocomposites could be 
prepared by three ways: (1) the mixing of clay particles with monomer/oligomer 
followed by polymerization, (2) mixing the clays directly with melting polymer or (3) 




point required during nanodispersion is that the galleries of layered clay must be 
intercalated by monomer or polymer to cause further separation [15]. The micron-sized 
clay particles must be separated into smaller and smaller particles called tactoids. In other 
words, the layered clay is dispersed into the polymer resin matrix when individual clay 
platelets and small tactoids are separated away from the original clay particles and 
dispersed (Figure 1.5). 
d-spacing expands 
No exchange. 
These remain Nanodispersion d-spacing 
unpillared. remains 1.0 
d-spacing = 1.0 1.3nm 
to1.3nm 
d-spacing further expanded 
Figure 1.5 Polymer resins insert into the clay galleries and spread the interlayer spacing 
There are three main words used to describe the types of clay dispersions: 
immiscible, intercalated, and exfoliated (delaminated) [35]. The immiscible systems exist 
if the clay platelets are still stacked tightly together in the cured sample [35]. These are 
conventional clay composites. “Intercalated systems exist when polymer chains have 
entered between the clay layers, but have not pushed them so far apart as to give an 
exfoliated structure [35].”The layers are separated but are still aligned parallel with each 
other, often with rather regular d-spacings. An exfoliated system is considered to be one 
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where the clay layers are totally separated and then independently dispersed with 
different orientations in the system [32, 35] (Figure 1.6). 
Immiscible system Intercalated system 
Exfoliated system 
Figure 1.6 The illustrations of an immiscible, an intercalated and an exfoliated 
polymer-clay nanocomposite system 
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It is well-known that the special properties of clay-based polymer 
nanocomposites are dependent upon the type and degree of dispersion of the clay 
particles in matrix [21, 22]. The ideal dispersion and expected maximum enhancement of 
various properties can be attained only when the individual clay platelet layers are 
exfoliated in the polymer matrix. Clay-based polymer nanocomposites have become the 
subject of considerable research efforts in recent years [36-59] because they can exhibit 
improved toughness, increased tensile strength, tensile modulus, flexural strength, and 
flexural modulus. 
Although a lot of research on the intercalation of clay systems by polymers had 
been done before the later 1980s [60-63], nanocomposites were not really achieved and 
neither were significant improvements in physical and engineering properties obtained 
until later [30]. The pioneering work by Toyota Central Research and Development 
Laboratories since 1987 marked the beginning of clay nanocomposites [36]. The Toyota 
group developed the nylon-6/clay nanocomposite system and realized the nanoscale 
dispersion of clay layers in the nylon-6 polymer matrix. These nanocomposites exhibited 
increases of 103% in Young’s modulus, 146% in heat distortion temperature, 49% in 
tensile strength, and decreases of water absorption and coefficient of thermal expansion 
(CTE) at clay loadings of less than 5 wt% [36]. 
Inspired by Toyota’s work, more and more improved properties of clay-based 




properties [38, 39], flame resistance properties [40, 41], barrier resistance [42-45], and 
ion conductivity [46, 47] have all been improved. Various engineering resins including 
epoxy (thermoset and thermoplastic) [48-50], polyamide [51, 52], polyimide [53], 
polystyrene [54, 55], polyurethane [56, 57], and polypropylene [58, 59] are used to 
prepare the promising clay-based polymer nanocomposites. 
Exfoliated nanocomposites generally display better properties than intercalated 
and immiscible nanocomposites. But instances with a high degree of exfoliation seldom 
occur. A lack of understanding of the relationship between interfacial properties, 
morphology and the onset of the enhanced properties in nanocomposites makes the 
organized development of polymer/clay nanocomposite systems difficult [15]. Another 
challenge to the development of polymer/clay nanocomposites is that few successes have 
been made to achieve high levels of exfoliation of clay platelet into highly cross-linked 
thermoset polymers [30]. 
1.2.2.2 Cyanate ester/Clay Nanocomposites 
1.2.2.2.1 Polymer resins 
The polymeric continuous matrix phases used in nanocomposites can be classed 
into two categories: thermoplastics and thermosets. Thermoset polymers have 
three-dimensional cross-linked networks formed during polymerization/curing [1]. The 
most used thermoset resins include epoxy [64-66], phenolic [67], polyurethane [68], 
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polybutadiene [69], polyimide [70], bismaleimide [71] and cyanate ester resins [72]. 
Cross-linked thermoset polymers exhibit “excellent environmental and solvent resistance, 
high mechanical strength/stiffness with minimal toughness”, and can be used in higher 
temperature applications [12]. Compared with thermoset polymers, thermoplastics are 
composed of polymer chains without cross-links [1]. Thermoplastic polymers used in 
naonocomposites include polyethylene [73], polystyrene [74], thermoplastic epoxies [75], 
polypropylene [76], polycarbonates [77], polyvinyl chloride [78], polysulfones [79] and 
nylons (semi-crystalline polyamide) [80]. The advantages of using thermoplastic 
polymers are low cost and the ease of recycle and fabrication [12]. 
Even though the majority of resins used in conventional composites are 
thermosets [1], the application of thermoset matrices is limited in polymer/nanoclay 
nanocomposites because the favored intercalation of clay layers with the precursor 
specific monomers of a thermoset polymer matrix may affect the extent of cross-linking 
[30]. “It is well known that the major engineering properties of thermoset polymers are a 
function of the extent of cross-linking.”[30] 
1.2.2.2.2 Cyanate ester resins 
Cyanate ester resins are engineering thermosets and may form oxygen-linked 
triazine rings (cyanurates) by the cyclotrimerization reaction of three cyanate ester groups 
(Figure 1.7) [81]. The final polycyanurates are thermoset polymers and highly 
R R 
O N O 
N N
3 R O C N cyanurate 
O 
Cyanate ester monomer 
R 
Polycyanurate (cured cyanate ester resin) 
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three-dimensionally cross-linked. Cyanate ester resins are used in high temperature 
encapsulation, high performance electronic and aerospace applications with high thermal 
stability, low outgassing, low moisture absorption, and low dielectric properties [82, 83]. 
Figure 1.7 Polymerization of cyanate ester 
Cyanate ester/nanoclay polymer nanocomposites have been reported recently 
[84-86]. Some improvements in the physical properties, thermal properties (Tg, CTE and 
effective thermal stability), modulus, toughness and fracture resistance have been 
observed by dispersing nanoclay particles into cyanate ester resins. The Tg was improved 
from 354C for the pure resin to 387C for a 2.5% loading of Excelica SE 5 clay into a 
pheolic-based cyanate ester resin, RS9RTM [85]. The CTE was reduced 26% for 5% 
loading. There was a 30% enhancement in the fracture toughness and the flexural 
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modulus as the clay loading increased to 5% [85]. Unfortunately, work on cyanate 
ester/clay nanocomposites is still limited. 
Lonza Corporation’s Primaset PT-30 is a type of novel commercial cyanate ester. 
The general chemical name for the PT-30 precured resin’s structure is 
p-methylene-phenylene cyanate, oligomer [87]. Its monomer contains three phenolic 
cyanate ester units (Figure 1.8). The appearance of PT-30 is clear amber viscous liquid. 
The dynamic viscosity of PT-30 at 80C is 300-500 PaS [87]. PT-30 is semi-solid at 
room temperature. This high viscosity makes the direct dispersion of nanoclay into PT-30 
resin at room temperature very difficult. Therefore, as described later, solvent dilution 
methods were used in this thesis research. The cyclotrimerization curing reaction of 
PT-30 forms a three-dimensional and highly cross-linked structure (Figure 1.9). 
CH2 CH2 
CN CN CN 
Figure 1.8 The Structure of PT-30 Monomer [87] 
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1.3 Research Objectives 
In this thesis, the synthesis of five series of cyanate ester (PT-30)/organoclay 
nanocomposites are described. Five types of commercial organoclay particles, Cloisite 
10A and Cloisite 30B from Southern Clay Products, Nanocor I. 28E, Nanocor I. 30E and 
Nanocor I. 44PA were dispersed in the PT-30 monomer precursors in different weight 
percents (from 1wt% to 5wt%). Since PT-30 has a viscosity of 300-500 PaS at 80C, the 
viscosity of PT-30 was lowered by use of a solvent in order to disperse clay particles into 
PT-30 at room temperature. Sonication was used to impinge high amounts of energy on 
the clay particles to shear layers apart. After removal of solvent and curing, the 
nanocomposite sample properties were tested by three-point bending, DSC (Differential 
Scanning Calorimetry), XRD (X-ray Diffraction) and TEM (Transmission Electron 
Microscopy). The mechanical properties and morphologies of cyanate ester 





2.1 Prepararion of cyanate ester (PT-30)/organoclay nanocomposite samples 
2.1.1 Materials 
Five series of cyanate ester/organoclay nanocomposite samples were prepared. 
Each series of nanocomposites was composed of PT-30 blended with one of the five 
types of commercial organoclay particles at different loading levels, respectively. Clay 
loadings from 1% weight percent to 5% weight percent were prepared for each of the five 
classes of clays. The five types of nanoclays used include Cloisite 10A, Cloisite 30B, 
Nanocor I.28E, Nanocor I.30E and Nanocor I.44PA. Cloisite 10A and Cloisite 30B are 
Southern Clay Products Inc.’s products. Nanocor I.28E, Nanocor I.30E and Nanocor 
I.44PA come from Nanocor Inc. PT-30 is a commercial cyanate ester product from Lonza 
Corporation. Both cyanate ester and nanoclay particles are used directly as received. The 















2.1.2 The predure of preparing PT-30/nanoclay nanocomposites 
All five series of cyanate ester/organoclay nanocomposite samples were 
synthesized by the same procedure. The preparation of the PT-30/Cloisite 10A
nanocomposite series is used to describe the procedure. 
Cloisite 10A particles (0.20g) were added into 30mL CH2Cl2. The mixture was 
sonicated with a high intensity ultasonica liquid processor VC 750 (Sonics & materials, 
Inc.) for a total of 1 hour (20mins  3times) at room temperature. PT-30 (19.80g) was 
dissolved in 20mL CH2Cl2. This PT-30/CH2Cl2 solution was poured into the already 
sonicated Cloisite 10A/CH2Cl2 suspension. Then the PT-30/Cloisite 10A/CH2Cl2 mixture 
was sonicated for 1 hour (20mins  3times) at room temperature again. After sonication, 
the transparent yellow solution was put into a vacuum oven where the CH2Cl2 was 
removed at 125mm Hg for over 4 hours at room temperature. The resulting resin/clay 
mixture was then held at 150 C and 125mm Hg for about 3 hours. The heating was 
stopped when the gelling of PT-30/Cloisite 10A mixture started. The gelled mixture was 
cooled to 0 C and held for 24 hours. A commercial coffee blender was then employed to
break and grind the brittle and cold PT-30/Cloisite 10A mixture into a fine powder. This 
powder was put into an aluminum mold (2” 3.75”). The mold was placed on a manual 
compression hot press (PHI-Tulip Company) at 150 C. No pressure was applied on the 
mold at the beginning. After 1 hour, the mixture in the mold became hard enough to raise 








bubble formation within the naoncomposite sample. The mold was kept at 150 C for 20 
hours. Then the temperature was increased to 200 C and held at 200 C for 2 hours. Post 
curing of sample was performed by heating at 250C for 2 hours. Finally, the mold and 
sample was cooled to room temperature naturally. This 1 wt% Cloisite 10A
nanocomposite sample was then removed from the mold. The curing temperature 








Figure 2.1 Curing temperature/curing time protocol for preparing of PT-30/organoclay 
nanocomposite samples. 
Four other samples were prepared from Cloisite 10A (0.4g) and 19.6g of PT-30, 
Cloisite 10A (0.6g) and 19.4g of PT-30, Cloisite 10A (0.8g) and 19.2g of PT-30, and 
Cloisite 10A (1.0g) and 19.0g of PT-30. These samples were treated by the same 















loadings of Cloisite 10A. A similar series of 1, 2, 3, 4 and 5 weight percent Cloisite 30B, 
Nanocor I.28E, Nanocor I.30E and Nanocor I.44PA nanocomposite samples were 
prepared by the same procedure. The pure PT-30 polymer resin was also cured using the 
same time-temperature cure protocol. All these PT-30/nanoclay nanocomposite samples 
are summarized in Table 2.1. 
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Table 2.1 PT-30/organoclay nanocomposite samples 
Sample 
number 
Polymer resin Organoclay Clay loading (wt %) Resin loading (wt %) 
PT30 PT-30 / 0 100 
10A-1 PT-30 Cloisite 10A 1 99 
10A-2 PT-30 Cloisite 10A 2 98 
10A-3 PT-30 Cloisite 10A 3 97 
10A-4 PT-30 Cloisite 10A 4 96 
10A-5 PT-30 Cloisite 10A 5 95 
30B-1 PT-30 Cloisite 30B 1 99 
30B-2 PT-30 Cloisite 30B 2 98 
30B-3 PT-30 Cloisite 30B 3 97 
30B-4 PT-30 Cloisite 30B 4 96 
30B-5 PT-30 Cloisite 30B 5 95 
I28E-1 PT-30 Nanocor I.28E 1 99 
I28E-2 PT-30 Nanocor I.28E 2 98 
I28E-3 PT-30 Nanocor I.28E 3 97 
I28E-4 PT-30 Nanocor I.28E 4 96 
I28E-5 PT-30 Nanocor I.28E 5 95 
I30E-1 PT-30 Nanocor I.30E 1 99 
I30E-2 PT-30 Nanocor I.30E 2 98 
I30E-3 PT-30 Nanocor I.30E 3 97 
I30E-4 PT-30 Nanocor I.30E 4 96 
I30E-5 PT-30 Nanocor I.30E 5 95 
I44PA-1 PT-30 Nanocor I.44PA 1 99 
      
 








Table 2.1 (Continued) 
I44PA-2 PT-30 Nanocor I.44PA 2 98 
I44PA-3 PT-30 Nanocor I.44PA 3 97 
I44PA-4 PT-30 Nanocor I.44PA 4 96 
I44PA-5 PT-30 Nanocor I.44PA 5 95 
2.2 X-ray Diffraction (XRD) 
Sample of pure PT-30 resin was examined using a Philips XPERT model x-ray 
diffractometer in Mississippi State University. Philips Analytical softerware and Cu K 
alpha radiation (=1.540598Å, 40 kV, 45 mA) were emplyed. Scans were taken over the 
2 range of 1-10° with a step size of 0.02° at 1 second per step. Samples of 
nanocomposites (PT-30/Cloisite 30B 1 wt%, 2 wt% and 5 wt%, PT-30/Cloisite 10A 2 
wt%, PT-30/Nanomer I.28E 2 wt%, PT-30/Nanomer I.30E 2 wt% and PT-30/Nanomer 
I.44PA 2 wt%) were selected for XRD studies. XRD analyses were used to obtain the 
d-spacing distributions in the clay tactoids dispersed into PT-30. Nanocomposite samples 
were analyzed at angles from 1.5°(2) to 15°on a Rigaku Ultima III diffractometer 
system operating at 40 kV and 44 mA located in the Department of Polymer Science and 
Engineering at University of Southern Mississippi. Scans were taken with a step size of 
0.08°(2) at step rate 0.4°/min, using Cu K alpha radiation (=1.54056Å). 
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2.3 Transmission Electron Microscopy (TEM) 
Samples of PT-30/Cloisite 30B 1 wt%, PT-30/Cloisite 30B 2 wt%, PT-30/Cloisite 
30B 5 wt%, PT-30/Cloisite 10A 2 wt%, PT-30/Nanomer I.28E 2 wt%, PT-30/Nanomer 
I.30E 2 wt% and PT-30/Nanomer I.44PA 2 wt% were the nanocomposites selected for 
TEM studies. The nanocomposite samples were ultramicrotomed using a Leica Ultracut 
E ultramicrotome with a diamond knife at room temperature to provide sections with 
nominal thickness of 70-85 nm. Microtomed slices were mounted on Formvar-coated 200 
mesh copper TEM grids. The contrast between the dispersed clays and PT-30 resin was 
sufficient for imaging without staining. A JEOL JEM-100CX II 80kV transmission 
electron microscope was used to study the dispersion of the organoclay layers and 
tactoids in PT-30 resins. 
2.4 Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) was performed on a Perkin-Elmer 
DSC-7 thermal analyzer. Samples of pure PT-30 resin, PT-30/Cloisite 30B (1%, 2%, 3%, 
4% and 5%) and PT-30/Cloisite 10A (1% and 2%) were the nanocomposites employed in 
DSC studies. Each sample (8~10mg) was ground into a fine powder in a mortar and then 
used for the DSC test. The test temperature range was from 25ºC to 500ºC at the scan rate 
of 10ºC/min (for PT-30/Cloisite 10A 2%, the test temperature range was from 400ºC to 
500ºC at the scan rate of 10ºC/min). 
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2.5 Three–point bending test 
The flexural strengths and flexural moduli of five series of PT-30/organoclay 
nanocomposite samples were measured according to ASTM standard D790M-II using a 
Zwick Universal test machine (Model 1435) at room temperature. All the three-point 
bending test nanocomposite samples were cut into rectangular beams with thicknesses of 
2.4~4.8mm, widths of 9~10mm, and lengths of 38mm. A span of 21.43mm was used in a 
50kN load cell. 
      
 
CHAPTER III 
RESULTS AND DISCUSSION 
3.1 X-ray Diffraction (XRD) 
XRD is a powerful technique for studying the dispersion of clay into 
polymer-clay nanocomposites. It can provide the distributions of d-spacings within clay 
particles and/or tactoids. When diffraction peaks are observed, they can be used to 
describe the extent of intercalation of polymer resin into clay layers. XRD has some 
drawbacks. First, the peak d-spacing distance is only an average value. Broad peaks 
indicate a broad distribution of d-spacings is present. The absence of any peaks can be 
misinterpreted as indicating that extensive exfoliation has occurred, when in fact, tactoids 
are present with many platelets per average stack [21, 22]. Morgan et al reported that the 
XRD pattern of a 10% Na-MMT/Novalac cyanate ester blend exhibited no clay peak [41]. 
At first glance this suggested that the system was exfoliated. But the TEM images of the 
same sample displayed large undispersed clay tactoids of approximately 1-2 μm in size, 
which proved the dispersion status of the clay into polymer resin was 
immiscible-disordered but not exfoliated [41]. Thus, the disorder versus exfoliation status 
of clay-dispersion cannot be distinguished from each other by XRD. However, XRD is 
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still applied widely in polymer-clay nanocomposite research [88] to obtain d-spacings, 
and it is particularly valuable when coupled with TEM and/or small-angle neutron 
scattering [21, 22]. 
Figure 3.1 displays the XRD pattern of pure PT-30 resin. There is no significant 
peak exhibited in the figure at the angles of 2 below 10°. Pure PT-30 resin has a highly 
amorphous structure and no signal occurs in the scanning range. Figure 3.2 shows the 
XRD pattern from a PT-30/Cloisite 10A 2 wt% nanocomposite sample. There is a 
high-intensity peak at 2 = 2.38°. This is due to the average d-spacing distance of 3.71nm 
for Closite 10A. Organically modified as-received Cloisite 10A has a 1.92nm d-spacing 
distance based on the technical data supplied by Southern Clay products, Inc. Therefore, 
a 17.9Å increase occurred during the blending of clay with the PT-30 resin. Therefore, the 
dispersion of 2 wt% Cloisite 10A into PT-30 resin must have occured with some extent of 
PT-30 intercalation between the clay layers. 
A broad peak at 2 = 4.86°(d001=1.82nm) can be found in Figure 3.2. This peak 
represents the average d-spacing for inorganic clay tactoids which did not undergo 
polymer intercalation after mixing resin and organoclay. This average d-spacing is a little 
smaller than that of as-received Cloisite 10A’s 1.92nm d-spacing distance. As clay 
tactoids cleave into samller thicknesses during nanodispersion into PT-30, a higher 
fraction of the remaining d-spacings (where cleavage has not occurred) are smaller in size.
This occurs because originally unpillared clay layers (d-spacing = 1.1-1.3nm) are harder 
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to exfoliate or cleave. Therefore, the fraction of these smaller d-spacings builds up in the 
small tactoids. Intercalation does not occur between such closely spaced platelets due to 
their small size and because these narrow galleries are not organophilic since organic 
ammonium ion pillars are not present. Instead, the original metal cations (eg Na+, K+, 
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Figure 3.2 The XRD pattern of a PT-30/Cloisite 10A 2wt% nanocomposite sample 
(The pillaring agent for Cloisite 10A is [(CH2Ph)N(CH3)2HT]
+ where HT is 
hydrogenated tallow, ~65% C18; ~30% C16; ~5% C14) 
Figure 3.3 exhibits the XRD pattern of the PT-30/Cloisite 30B 5 wt% 
nanocomposite sample. The shoulder appearing at 2 = 2.14°indicated that PT-30 resin 
intercalated into the clay and expanded the d-spacings to an average of 4.12nm. The peak 
at 2 = 4.78° (d001=1.85nm) is due to unintercalated Cloisite 30B tactoid d-spacing. Thus, 
this population of the originally mixed Cloisite 30B does not have resin penetration 
between platelets. This 1.85nm value is the same as that of the as-received Cloisite 30B 
d-spacing (1.85nm) where the pillaring agent, [(C2H4OH)2N(CH3)T]
+, sets the spacing. 






 2.38 (d001=3.71nm) 
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30B level was 2 wt%. A diffraction weak shoulder located at 2 = 2.30°(d001=3.84nm) is 
observed. This again is a significant change in the d-spacing versus that of the as-received 
clay (1.85nm). The average d-spacing of 3.84nm is close to that observed in the Cloisite 
30B 5 wt% clay loaded sample, implying that the PT-30 extent of resin intercalation in 
these two samples is very similar. The accuracy of this 3.84nm d-spacing is lower than 
that of the 5 wt% sample (4.12nm) because the shoulder does not permit an accurate 
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Figure 3.3 The XRD pattern of a PT-30/Cloisite 30B 5wt% nanocomposite sample. 
(The pillaring agent for Cloisite 30B is [(C2H4OH)2N(CH3)T]
+ where T is 
tallow, ~65% C18; ~30% C16; ~5% C14) 











Figure 3.4 The XRD pattern of a PT-30/Cloisite 30B 2wt% nanocomposite sample 
Figure 3.5 shows the XRD pattern from a PT-30/Cloisite 30B 1 wt% 
nanocomposite sample. Only a broadened weak peak at 2 = 5.10°(1.73nm) appears. 
This is due to the unintercalated inorganic clay tactoids. No significant intercalated 
Cloisite 30B XRD peak or shoulder is observed in this figure. One possible interpretation 
of this XRD-pattern is that exfoliation, rather than intercalation, occurred when only 1 
wt% of Cloisite 30B was present [35]. However, TEM images of this same sample 
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loading and highly disordered tactoids could account for the absence of an intercalated 
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Figure 3.5 The XRD pattern of a PT-30/Cloisite 30B 1wt% nanocomposite sample 
Figures 3.6, 3.7 and 3.8 reproduce the XRD patterns of the nanocomposites 
containing PT-30/Nanomer I.28E 2 wt%, PT-30/Nanomer I.30E 2 wt% and 
PT-30/Nanomer I.44PA 2 wt%, respectively. Nanomer I.28E showed an increase in 
d-spacing from 2.56nm (as-received d-spacing of I.28E) to 3.98nm due to PT-30 
intercalation. This 2 wt% Nanomer I.28E composite also exhibited a low intensity peak at 
2 = 4.46°(d001=1.98nm). This is smaller than the as-received pillared clay Nanomer 
I.28E (d-spacing = 2.56nm). The same phenomenon of partial intercalation accompanied 
with a decrease in d-spacing of the unintercalated portion of clay was observed in the 





I.44PA composites. Intercalation of resin increased d-spacings to 3.84nm for Nanomer 
I.44PA from its as-received value of 2.56nm. But this value could not be accurately 
observed for Nanomer I.30E since only a shoulder was observed. A population of 
unexpanded d-spacings averaging 1.91nm (I.30E) and 1.88nm (I.44PA) were present that 
were smaller than the original as-received d-spacings of 2.30nm (I.30E) and 2.56nm 
(I.44PA). 
TEM images of the same I.30E sample suggested strongly that the low clay 
loading and disordered distribution explained why the intercalation shoulder/peak at 2 = 
2.2 to 2.3 degree was weak. Clearly, extensive exfoliation of the Nanomer I.30E was not 
occurring. 
Table 3.1 summarizes the changes of the clay d-spacings for all composites 
as-received from XRD analyses. When the sonicated mixtures of PT-30 monomers and 
organoclay were cured, it appears that some cyclotrimerization of PT-30 then occurred in 
between the organoclay platelets during the cure cycle. This locked in the expanded 
d-spacing which had occurred during sonication due to PT-30 intercalation. The 
intercalation of PT-30 resin into organoclay layers helped promote the dispersion of clay 
particles via tactoid size reduction during cleavage. This cleavage preferentially occurs at 
points in the stacked clay layers (in tactoids and particles) with larger d-spacings. 
Intercalation and tactoid size reduction also generates a large PT-30/organoclay 
interphase area. However, as will become clear in the presentation of tactoids size 
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distribution, the increase in interphase area was far below the increase needed to produce 
large property changes. 
2 (degree) 
Figure 3.6 The XRD pattern of a PT-30/Nanomer I.28E 2wt% nanocomposite sample 
(The pillaring agent for Nanomer I.28E is [(CH3)3N(C18H37)]
+) 

































Figure 3.7 The XRD pattern of a PT-30/Nanomer I.30E 2wt% nanocomposite sample 
(The pillaring agent for Nanomer I.30E is [C18NH3]
+) 


















Figure 3.8 The XRD pattern of a PT-30/Nanomer I.44PA 2wt% nanocomposite sample 
(The pillaring agent for Nanomer I.44PA is [(CH3)2N(C10H21)2]
+) 
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Table 3.1 The changes of d-spacings of organoclay dispersed into PT-30 resin 
Composite sample Original d-spacing of 
clay as received (nm) 
d-spacing of clay in 
cured resin (nm) 
Small d-spacing due
to unpillared clay in 
cured resin (nm) 
PT-30/Cloisite 30B 1 wt% 1.85 / 1.73 
PT-30/Cloisite 30B 2 wt% 1.85 3.84 1.79 
PT-30/Cloisite 30B 5 wt% 1.85 4.12 1.85 
PT-30/Cloisite 10A 2 wt% 1.92 3.71 1.82 
PT-30/Nanomer I.28E 2 wt% 2.56 3.98 1.98 
PT-30/ Nanomer I.30E 2 wt% 2.30 / 1.91 
PT-30/ Nanomer I.44PA 2 wt% 2.56 3.84 1.88 
Almost all PT-30/organoclay nanocomposites XRD patterns displayed increased 
d-spacings for organoclay platelets versus the as-received pillared clay. The existence of 
clay diffractions in XRD patterns demonstrates conclusively that the full exfoliation of 
clay was not achieved, as do TEM observations. The TEM analyses which follow this 
section showed that a variety of tactoid sizes exist. It is clear that these tactoids display a 
significant amount of layer registration despite being bent and twisted as well as having a 
variety of d-spacings present. 
The picture that emerges from the XRD analysis is summarized in Figure 3.9. 
This figure displays the d-spacing increase which occurs during ion exchange to make the 
organoclay. It then indicates clay particle fragmentation to tactoids and the further 
increase in d-spacing due to cyanate ester component intercalation between platelets. 
Then it shows polymerization of the cyanante ester locking the tactoids within the 
composite and also forming some polymer within the galleries. These galleries had been 
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further expanded beyond the d-spacing obtained on pillaring with the organoammonium 
ions. 
NR3Cl 
ion exchange into 
clay. Galleries 
expand. 
Portion of Na+ MMTclay particle 
d-spacing = 1.0 to 1.3nm 




3.7 to 4.1nm 
Tactoids are locked into the crosslinked resin. 
Monomers within the galleries have polymerized. 


















d-spacing further expanded 
Cleavage to tactoids has occurred. Some PT-30 monomers 
have intercalated (these are represented as dots). 
Cleavage does not occur between upillared clay layers. 




3.2 Transmission Electron Microscopy (TEM) 
3.2.1 Qualitative analysis 
Both XRD and TEM are powerful tools for investigating the dispersion of 
nanoclay layers in a nanocomposite system [89, 90]. TEM has key advantages over XRD 
including the direct display of clay layer dispersion images in the polymer matrix. TEM 
provides information on a system regardless of order or disorder in the clay, which is a 
major drawback of XRD analysis [35, 91]. 
Figure 3.10 displays the dispersion obtained in the 2 wt% Cloisite 30B/PT-30 
nanocomposite sample at a magnification of 8,000. This sample was prepared by resin 
dissolution and mixing clay, resin and solvent with sonication followed by solvent 
removal and curing. Details of this process were described on Page 25. Tactoids of 
varying thickness are seen. The tactoids are dispersed randomly into the PT-30. The 
thickness of the largest tactoid at the center of Figure 3.11 is over 200 nm. Figure 3.11 
shows this same sample at a magnification of 20,000. XRD analysis demonstrated that 
the d-spacing of clay platelet layers in this PT-30/Cloisite 30B 2 wt% composite 
increased to 2.81nm by the intercalation of PT-30 resin compared with the d-spacing of 
1.85nm in the as-received Cloisite 30B. Therefore, a tactoid having a thickness of about 
50nm (Figure 3.11) corresponds to a stack of about 18 individual clay platelets. Thus, the 
largest tactoid in Figure 3.11 has over 70 stacked platelets. Only partial exfoliation was 
achieved in the 2 wt% Cloisite 30B loaded PT-30 nanocomposite sample. 
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Figure 3.10 The dispersion of 2 wt% Cloisite 30B into PT-30 resin (8,000) 




Figures 3.12 and 3.13 show the local dispersion of 1 wt% Cloisite 30B into the 
PT-30 resin. This dispersion is similar to that of the 2 wt% Cloisite 30B composite. 
Tactoids were observed in these figures. The thickness of the thinnest clay phases seen in 
Figure 3.13 (40,000 magnification) is 8.6 nm as estimated with the image analysis 
software Image Pro Plus 5.0. These are very small tactoids (2 to 4 platelets) cleaved from
the original clay particles. Single platelets also probably are present but they are hard to 
definitively identify with the TEM equipment available at Mississippi State University. It 
is evident that the largest tactoid in Figure 3.13 was intercalated by PT-30. In several 
locations, portions of this tactoid are being splayed apart to form smaller tactoids. Some 
smaller tactoids which have separated from original clay particles were dispersed with 
considerable disorder in the same area. The dispersion of 1 wt% Cloisite 30B into PT-30 
resin also is a combination of partial exfoliation and partial intercalation. 
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Figure 3.12 The dispersion of 1 wt% Cloisite 30B into PT-30 resin (10,000) 
Figure 3.13 The dispersion of 1 wt% Cloisite 30B into PT-30 resin (40,000) 
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The dispersion of 5 wt% Cloisite 30B into PT-30 resin is shown in Figures 3.14 
and 3.15 (10,000 and 40,000 magnifications, respectively). The number of tactoids 
observed per unit area in the 5 wt% Cloisite 30B loaded nanocomposite sample (Figure 
3.14) is larger than that in either the 1 wt% (Figure 3.12) or 2 wt% (Figure 3.10) samples. 
This phenomenon is expected because of the enhanced clay loading. Medium tactoids 
and thin exfoliated clay platelets were observed in Figure 3.15. This indicates that 
enhancement of clay loading did not sharply deteriorate the dispersion of Cloisite 30B
into PT-30 resin. The dispersion of 5 wt% Cloisite 30B into PT-30 resin is still the 
combination of partial exfoliation and partial intercalation. 




Figure 3.15 The dispersion of 5 wt% Cloisite 30B into PT-30 resin (40,000) 
The dispersions of 2 wt% Cloisite 10A, Nanocor I.28E, Nanocor I.30E and 
Nanocor I.44PA into PT-30 resin are displayed in Figures 3.16, 3.17, 3.18 and 3.19, 
respectively. There was no significant difference in the dispersions which could be easily 
seen among these TEM pictures compared with that of the dispersion of 2 wt% Cloisite 
30B into PT-30 resin. The micrographs displayed are representative of a large number of 
total micrographs observed for all these composites. Large tactoids, medium tactoids and 
thin exfoliated clay platelets were observed in each TEM picture. 
In summary, the dispersions of clays pillared by different ammonium cations in 
PT-30 resin all appear similar. Each sample is a combination of partial exfoliation and
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partial intercalation. Any further analysis of differences in these composites by TEM 
would require sampling a large number of TEM micrographs from different regions of 
each sample and then measuring the thickness of a statistically valid member tactoid in
each sample. Then histograms, showing the populations versus tactoid thickness for each 
nanocomposite could be constructed and compared. This would permit a more rigorous 
comparison of the nanodispersions. This task was undertaken and is reported in section 
3.2.2. 
Figure 3.16 The dispersion of 2 wt% Cloisite 10A into PT-30 resin (8,000) 
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Figure 3.17 The dispersion of 2 wt% Nanocor I.28E into PT-30 resin (20,000) 
Figure 3.18 The dispersion of 2 wt% Nanocor I.30E into PT-30 resin (10,000) 
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Figure 3.19 The dispersion of 2 wt% Nanocor I.44PA into PT-30 resin (10,000). 
3.2.2 Quantitative analysis 
The distribution of thicknesses of dispersed clay tactoids is a useful 
microstructural measure of clay nanodispersion [21, 22]. Knowing a tactoid’s thickness 
and the platelets’d-spacing allows one to calculate the number of platelets within that 
tactoid. In this thesis, a semi-quantitative analysis of the tactoid thickness distributions of 
dispersed clay has been performed. The accuracy is limited by the low resolution of 
MSU’s TEM instrument. Nevertheless, these semi-quantitative analyses are valuable 




Figure 3.20 illustrates the thickness distribution for the tactoids of the 2 wt% 
Cloisite 30B dispersed into PT-30 resin nanocomposite. A total of 212 clay tactoids from 
different micrographs were measured in this sample. The number of tactoids with 
thicknesses from 40 to 60nm and from 60 to 80nm is 33 and 34, respectively, out of the 
212 measured tactoids. These two tactoid thickness sizes are the most commonly found 
sizes within this dispersion. These two size ranges correspond to tactoids with 14-21 and 
21-28 platelets, respectively. The number of tactoids with thickness greater than 200nm is 
48, 22.6% of all measured tactoids and a much larger weight percent of the total clay 
present than that. The existance of such large tactoids demonstrates that the dispersion of 
2 wt% Cloisite 30B was not nearly good enough to achieve optimum mechanical 
properties. It is predicted that the likely enhancements of mechanical properties will be 
limited in this sample. 


























Thickness of clay particles (nm) 
Figure 3.20 The distribution of the thicknesses of 2 wt% Cloisite 30B dispersed into 
PT-30 resin 
Figures 3.21 and 3.22 display the cooresponding tactoid size distributions 
(expressed as thicknesses) for the 1 wt% and 5 wt% Cloisite 30B dispersions in the PT-30 
resin, respectively. The tactoids with thicknesses of 40-60nm were the most abundant 
sizes found in the dispersed 1 wt% Cloisite 30B clay particles. Out of 201 tactoids 
examined, 35 (17.4%) fell in this range. The most common tactoids had thicknesses of 
20-40nm in the composite with 5 wt% Cloisite 30B. Out of 313 tactoids measured, 92 
(29.4%) had sizes from 20 to 40nm thick. Comparison of Figures 3.21 and 3.22 
demonstrated that the less clay loading does not necessarily lead to more extensive 





nanodiapersion. The large tactoids (thickness>200nm) comprised 17.4%, 22.6% and 
9.6% of the total number of tactoids, respectively, of the 1, 2 and 5 wt% Cloisite 
30B/PT-30 composites. All of these systems have the potential to be far more highly 
exfoliated. The total clay/matrix interfacial areas in these composites fall far short of the 
interfacial surface areas which would exist with complete exfoliation (eg every clay 






















Thickness of clay particles (nm) 
Figure 3.21 The distribution of the thicknesses of 1 wt% Cloisite 30B dispersed into 
PT-30 resin 
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Figure 3.22 The distribution of the thicknesses of 5 wt% Cloisite 30B tactoids 
thicknesses dispersed in PT-30 resin 
Figures 3.23, 3.24, 3.25 and 3.26 display the distributions of tactoid thicknesses 
of 2 wt% loadings of Cloisite 10A, Nanomer I.28E, Nanomer I.30E and Nanomer I.44PA, 
respectively, within PT-30 resin. The number of medium-size Closite 10A clay tactoids 
with thicknesses between 20 and 100nm is 140 out of 261, 53.6% (Figure 3.23). Tactoids 
with thicknesses between 20 and 100nm represent the most abundant tactoid sizes within 
the 2 wt% Closite 10A/PT-30 composite. Thirty four tactoids thicker than 200nm were 
found out of 261, representing 13.0% of all tactoids. 
The number of Nanomer I.28E clay tactoids with thicknesses between 60 and 
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wt% Nanomer I.28E/PT-30 sample were in the 80-100nm thickness range. There were 22 
tactoids thicker than 200nm or 10.7% of all tactoids in this sample. 
The most common tactoids had thicknesses of 20 to 40nm in the composite with 
2 wt% Nanomer I.30E. Out of 191 tactoids measured, 82 (42.9%) had sizes from 20 to 60 
nm thick (Figure 3.25). Twenty eight tactoids thicker than 200nm were found out of 191 
in this sample, representing 14.7% of all tactoids. 
The number of Nanomer I.44PA clay tactoids with the thicknesses between from 
20 to 120nm is 119 out of 169 or 70.4% (Figure 3.26). There is no clear “most abundant” 
size region since the tactoids numbers from 40 to 120nm are comparable. Twenty seven 
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Thickness of clay particles (nm) 
Figure 3.24 The distribution of the thicknesses of 2 wt% Nanomer I.28E dispersed into 
PT-30 resin 
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Thickness of clay particles (nm) 
Figure 3.26 The distribution of the thicknesses of 2 wt% Nanomer I.44PA dispersed into 
PT-30 resin 
The tactoid sizes can also be expressed as the number of alumina silicate platelets 
per tactoid. The size distributions of the tactoids in term of platelets per tactoid were 
calculated for selected PT-30/nanoclay composites using the combination of 
TEM-measured thickness distributions and the d-spacings for each nanocomposite 
obtained by XRD. The number of platelets per tactoid was approximated by dividing the 
tactoid thicknesses by the measured d-spacing. The XRD data of the PT-30/Cloisite 30B 
1wt% sample did not provide the intercalated clay average d-spacing due to the low clay 
loading and disordered distribution. The tactoid size distributions of this 1 wt% Cloisite 





sample. Figure 3.27a displays this tactoid size distribution for the PT-30/Cloisite 30B 
1wt% sample, given as the number of platelets per tactoid. The mean number of platelets 
per tactoid is 30.1 (median = 22) on the basis of examining 201 Cloisite 30B tactoids. 
A valuable way to look at the tactoid size distribution is to compare both the 
number of tactoids found in each thickness range versus the number of platelets in them 
(see Figure 3.27a). Another valuable view of these distributions is given by plots of the 
percentage of total platelets that are found in each size range (where the size range is 
shown in platelets per tactoid). This is shown in Figure 3.27b. Figures 3.27a and 3.27b do 
this for the 1 wt% Cloisite 30B composite and similar plots (Figure 3.28a to 3.33b) are 
also shown for the other samples. The percentage of all tactoids for each size range is 
shown in Figure 3.27b, plotted versus the number of platelets per tactoid. The most 
abundant tactoids shown in Figure 3.27a are those with about 15 stacked platelets. But 
actually the major clay wt% fraction within all tactoids counted is the population of 
tactoids with 100-200 platelets, which achieves 23.4% of total platelets stacked to form 
tactoids. The percent of total platelets found in each size division, of course, corresponds
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Number of platelets per tactoid 
Figure 3.27a The distribution of 1 wt% Cloisite 30B tactoid sizes within the PT-30 











































































Number of Platelets per Tactoid 
Figure 3.27b The distribution of 1 wt% Cloisite 30B tactoid sizes and clay weight 




Figures 3.28a and 3.29a show the distributions of tactoid sizes expressed in 
platelets per tactoid for PT-30/Cloisite 30B 2 wt% and 5 wt% composites, respectively. 
The mean number of platelets per tactoid is 35.5 (median = 24) on the basis of examined 
212 Cloisite 30B tactoids (2 wt% loading dispersed in the PT-30 resin). For 5 wt% 
Cloisite 30B/PT-30 sample, the mean number of platelets per tactoid is 20.9 (median = 12) 
based on 313 Cloisite 30B tactoids. All the Cloisite 30B/PT-30 composites exhibited clay 
dispersions where the mean number of platelets per tactoid was greater than 20, 
illustrating the key point that a significant increase in interfacial surface area would still 
be possible by tactoid size reduction. 
The mean numbers of platelets per tactoid for the most highly exfoliated 
organoclay/polymer composites yet characterized and reported is around 3 [21, 22]. In 
comparison, all the PT-30/clay samples reported here are far less exfoliated. Tactoids with 
more than 100 platelets still are present in significant proportions in all three samples of 1, 
2, and 5 wt% Cloisite 30B in PT-30 (12 out of 201, 5.97% in Figure 3.27a; 12 out of 212,
5.66% in Figure 3.28a; 8 out of 313, 2.56% in Figure 3.29a). 
The total percentage of the entire sample’s platelets present within each tactoid 
size range was plotted versus the number of platelets per tactoid for the 2 and 5 wt% 
Cloisite 30B samples. These are illustrated in Figure 3.28b and 3.29b, respectively. The 
most abundant tactoids shown in Figure 3.28a and 3.29a are located in the range of 5-15 










wt% fractions are present in the populations of tactoids with 100-200 platelets (21.9% 
and 15.5%). They are very similar to the situation of PT-30/Cloisite 30B 1 wt% 
composite. Interestingly, the clay particle size reduction in the dispersion of 5 wt% loaded 
Cloisite 30B is better than those of 1 wt% and 2 wt% loadings. Therefore, an increase of 
clay loading up to 5 wt% does not necessarily reduce the extent of dispersion of Cloisite 
30B in the PT-30 resin. This behavior contrasts sharply with the behavior of several clays 






















































Number of Platelets per tactoid 
Figure 3.28a The distribution of 2 wt% Cloisite 30B tactoid sizes within the PT-30 































































































Number of Platelets per Tactoid 
Figure 3.28b The distribution of 2 wt% Cloisite 30B tactoid sizes and clay weight 


















































Number of Platelets per tactoid 
Figure 3.29a The distribution of 5 wt% Cloisite 30B tactoid sizes within the PT-30 






















































































Number of Platelets per Tactoid 
Figure 3.29b The distribution of 5 wt% Cloisite 30B tactoid sizes and clay weight 
within the PT-30 resin (Platelet distribution) 
The distributions of tactoid sizes for PT-30/Cloisite 10A 2 wt%, PT-30/Nanomer 
I.28E 2 wt%, PT-30/Nanomer I.30E 2 wt% and PT-30/Nanomer I.44PA 2 wt% 
composites are illustrated in Figures 3.30a, 3.31a, 3.32a and 3.33a, respectively. The 
mean number of Cloisite 10A platelets per tactoid is 31.2 (median = 25) based on 261 
tactoids (2 wt% loading dispersed in the PT-30 resin). The mean number of platelets per 
tactoid in the 2 wt% Nanomer/PT-30 sample is 30.7 (median = 26) based on 207 tactoids. 
A d-spacing value of 3.91nm was used to calculate the size distributions in Nanomer
I.30E/PT-30. This value is the average of the Nanomer I.28E and Nanomer I.44PA 
d-spacings. It was used because the shoulder in the XRD pattern shown in Figure 3.7 did 




tactoid in the 2 wt% Nanomer I.30E sample is 36.4 (median = 14) based on analyzing 
192 tactoids. The mean number of platelets per tactoid is 31.9 (median = 26) in the 2 wt% 
Nanomer I.44PA/PT-30 sample based on examining 195 tactoids. The mean number of 
platelets per tactoid for each of these four 2 wt% loaded organoclay/PT-30 composites are 
very similar (30~37). The dispersions of these clays with same loading within PT-30 resin 
are similar. 
Figures 3.30b, 3.31b, 3.32b and 3.33b display the distributions of the clay weight 
and of total platelets found in each tactoid size range (expressed as the number of 
platelets per tactoid) for the PT-30/Cloisite 10A 2 wt%, Nanomer I.28E 2 wt%, Nanomer 
I.30E 2 wt% and Nanomer I.44PA 2 wt% samples, respectively. The PT-30/Nanomer 
I.30E 2 wt% sample’s distribution is similar to those of the PT-30/Cloisite 30B systems. 
The highest wt% fractions of the dispersed clay are found in the tactoids containing 
100-200 platelets (13.1% in Figure 3.32b) and more than 200 platelets (32.6% in Figure 
3.32b). The most abundant tactoid sizes and the highest wt% fractions of all tactoids 
counted are found for tactoids with 20-25 platelets (9.7% in Figure 3.30b), 35-40 platelets 





































































Number of Platelets per tactoid >200 
Figure 3.30a The distribution of 2 wt% Cloisite 10A tactoid sizes within the PT-30 






























































Number of Platelets per Tactoid 
Figure 3.30b The distribution of 2 wt% Cloisite 10A tactoid sizes and clay weight 






































































Number of Platelets per tactoid 
Figure 3.31a The distribution of 2 wt% Nanomer I.28E tactoid sizes within the PT-30 

































































Number of Platelets per Tactoid 
Figure 3.31b The distribution of 2 wt% Nanomer I.28E tactoid sizes and clay weight 












































































Number of Platelets per tactoid 
>200 
Figure 3.32a The distribution of 2 wt% Nanomer I.30E tactoid sizes within the PT-30 
resin (Tactoid distribution) 
35 35 



































































Number of Platelets per Tactoid 
Figure 3.32b The distribution of 2 wt% Nanomer I.30E tactoid sizes and clay weight 





































































Number of Platelets per tactoid 
Figure 3.33a The distribution of 2 wt% Nanomer I.44PA tactoid sizes within the 


































































Number of Platelets per Tactoid 
Figure 3.33b The distribution of 2 wt% Nanomer I.44PA tactoid sizes and clay weight 






A combination of partial exfoliation and partial intercalation occurs to generate 
the mean and median number of platelets per tactoid shown in the histograms above for 
each composite. These figures provide a suitable description of the nanodispersion for the 
nanocomposite samples. 
Table 3.2 summarizes the distributions of clay tactoids in all of the composites 
tested. These distributions are reasonable approximations of actual distributions within 
the entire sample (see Appendix). 


















of tactoid size 
(platelets) 
PT-30/Cloisite 30B 1 wt% 22 30.8 201 10-15 100-200 
PT-30/Cloisite 30B 2 wt% 24 35.5 212 5-15 100-200 
PT-30/Cloisite 30B 5 wt% 12 20.9 313 5-10 100-200 
PT-30/Cloisite 10A 2 wt% 25 31.2 261 5-25 20-25 
PT-30/Nanomer I.28E 2 
wt% 
26 30.1 207 20-25 20-25 
PT-30/Nanomer I.30E 2 
wt% 
14 36.4 192 5-10 >200 
PT-30/Nanomer I.44PA 2 
wt% 
26 31.9 195 15-20 30-35 
      
 






3.3 Differential scanning calorimetry (DSC) 
The addition of clay into polymers has been used to increase temperature range 
over which polymer/clay compoisites can be applied [82, 83]. S. Ganguli et al [85] 
reported that the Tg of an intercalated phenolic-based cyanate ester (RS9RTM)/Closite 
30B nanocomposite increased from 305ºC for the neat resin to 395ºC for the 5% 
clay-loaded composite sample. PT-30 is a high thermal-stability (high Tg) cyanate ester 
because of its highly cross-linked structure and predominant aromatic structure. DSC was 
employed to determine the Tgs of neat PT-30 resin and various PT-30/clay composites. 
Figure 3.34 displays the DSC heat flow versus temperature pattern of the pure 
PT-30 resin. The maximum temperature that the Perkin-Elmer DSC-7 thermal analyzer 
could achieve safely is 500ºC. The observed Tg of pure PT-30 (based on the sharp change 
in slope) was 434ºC. For the highly crosslinked PT-30, it is difficult to obtain a clear 
value for this secondary thermodynamic transition because thermally activated segmental 
motions may begin over a temperature range in this highly crosslinked matrix. Thus, a 
broad range of “Tg”behavior may exist above 434ºC. The presumed end-point of this Tg 
range of our PT-30/clay composites is above 500ºC. In order to compare the Tg of the 
pure PT-30 resin with those of PT-30/clay composites, the starting-point of Tg range (the 
temperature at which the slope of heat flow/temperature curve changes) was used. This 
will be defined as Tcom (onset temperature of the Tg range used for comparison of the 



















Figure 3.34 The DSC thermograph of pure PT-30 resin 
Figures 3.35, 3.36, 3.37, 3.38 and 3.39 exhibit the DSC heat flow versus 
temperature patterns of the PT-30/Cloisite 30B 1%, 2%, 3%, 4% and 5% composites, 
respectively. The Tcom for these samples are 436ºC, 436ºC, 434ºC, 434ºC and 434ºC, 
respectively. The variations of these Tcom values for the PT-30/Cloisite 30B composites 
are very small. The Tcom values are almost the same as that of pure PT-30 resin. The 
addition and nanodispersion of various loadings of Cloisite 30B into PT-30 don’t change 
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the PT-30 resin. This stands in sharp contrast to the results of Ganguli [85] where a 90ºC 





However, the Tg of the PT-30 is higher to start with than the 5 wt% Cloisite 30B/95 wt% 
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Figure 3.39 The DSC thermograph of PT-30/Cloisite 30B 5 wt% composite 







The DSC heat flow versus temperature thermographs of PT-30/Cloisite 10A 1% 
and 2% composites are shown in Figure 3.40 and 3.41, respectively. The Tcom for 
PT-30/Cloisite 10A 1% sample is 437ºC, and for PT-30/Cloisite 10A 2% sample Tcom is 
432ºC. After ignoring the experimental errors in these DSC experiments, it becomes 
obvious that the Tcom values of PT-30/Cloisite 10A composites are essentially the same as
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Figure 3.40 The DSC thermograph of PT-30/Cloisite 10A 1 wt% composite 
 
 















Figure 3.41 The DSC thermograph of PT-30/Cloisite 10A 2 wt% composite 
The conclusion from all the DSC analyses of PT-30/clay samples is that adding 
the organoclay (Cloisite 30B or Cloisite 10A) and varying the loading (from 1% to 5%) 
did not change the Tg range of PT-30 resin at temperature below 500ºC. The thermal 
stability of PT-30/clay composite may not increase significantly. The pillaring agents 
used in organic modified clay are quaternary alkylammonium ions. These species have 
organic decomposition onset temperatures at about 200ºC where Hofmann elimination 
occurs. The detected decomposition temperature for Cloisite 30B is approximately 200ºC, 
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The crucial point could be that, during the cure reaction, the highly viscous PT-30 
may not efficiently intercalate between the clay tactoids’ individual platelets at 
temperatures above 190-200ºC where the pillars break down. Once the Hofmann 
elimination occurs, the d-spacings decrease and this precludes any further intercalation. 
Also, the PT-30 resin begins to cure at ~140-150ºC which further increases its viscosity 
prior to reaching the gel point. 
If the clay is going to act to decrease segmental motion, it can only act where 
clay surfaces are directly adjacent to (or at most only a few molecular layers away) from 
the surface. Thus, the interfacial area present in a nanoclay composite would be a critical 
factor. This area can be increased two ways. Making the tactoids increasingly smaller via 
cleavage/exfoliation of the tactoids is one way. Intercalating polymer between platelets in 
tactoids is the second way. It is not known if greater cleavage/exfoliation of Cloisite 30B 
in PT-30 would lead to increased thermal stability. Such experiments have not been 
performed. 
3.4 Three –point bending test 
The three-point bending test is usually employed to measure the flexural strength 
and flexural modulus of a composite sample. Figure 3.42 illustrates the three-point 
bending test. This is a simple method to estimate the stiffness of a polymer-based 
composite sample. 
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Figure 3.42 Three-point bending




                         (Eq. 3-1)
2bd
   The flexural modulus Ef is expressed as Ep. 2-6 (ASTM D.790-66): 
WL3 
E f  3                          (E.q. 3-2)4bd e 
Where W = force at fracture
      L = the length of span of the sample
      b = the width of the sample
      d = the thickness of the sample
      e = the deflection of the sample
      The pure PT-30 resin and all the five series of PT-30/organoclay nanocomposite 
samples were subjected to three-point bending tests. The flexural strengths and flexural 
moduli of all samples are listed in Table 3.3. 
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Table 3.3 The flexural strengths and flexural moduli of pure PT-30 resin and 
PT-30/organoclay nanocomposite samples 
Polymeric 
resin 





Average Flexural Moduli 
(MPa) 
PT-30 / 0 46a1 3062a55 
PT-30 Cloisite 10A 1 39b5 3793b509 
PT-30 Cloisite 10A 2 28b4 2551b395 
PT-30 Cloisite 10A 3 48b4 3753b327 
PT-30 Cloisite 10A 4 45b3 4148b779 
PT-30 Cloisite 10A 5 42b3 3328b421 
PT-30 Cloisite 30B 1 48a2 3352a5 
PT-30 Cloisite 30B 2 58a1 2953a123 
PT-30 Cloisite 30B 3 65a14 3070a147 
PT-30 Cloisite 30B 4 45a5 3417a48 
PT-30 Cloisite 30B 5 49a5 3469a69 
PT-30 Nanomer I.28E 1 37c5 3436c410 
PT-30 Nanomer I.28E 2 39a2 3216a108 
PT-30 Nanomer I.28E 3 38c5 3075c408 
PT-30 Nanomer I.28E 4 41a2 3023a79 
PT-30 Nanomer I.28E 5 26c2 2783c249 
PT-30 Nanomer I.30E 1 27c2 2664c228 
PT-30 Nanomer I.30E 2 40c8 3609c567 
PT-30 Nanomer I.30E 3 36a5 3964a311 
PT-30 Nanomer I.30E 4 53b4 4183b236 








Table 3.3 (continued) 
PT-30 Nanomer I.44PA 1 43b24 3615b211 
PT-30 Nanomer I.44PA 2 39b7 3429b164 
PT-30 Nanomer I.44PA 3 48b4 3753b327 
PT-30 Nanomer I.44PA 4 45a3 4537a226 
PT-30 Nanomer I.44PA 5 42b3 3328b421 
a Average of 2 values 
b Average of 3 values 
c Average of 4 values 
The pure PT-30 resin is brittle. It has an average flexural strength of 46MPa and 
an average flexural modulus of 3062MPa. The added organoclay is expected to increase 
the flexural strength and flexural modulus of pure PT-30 resin. The enhancement of 
flexural strength and flexural modulus is related to the degree of dispersion of organoclay 
into PT-30 and/or the weight loading of clay particles [92]. A difficult unknown working 
with PT-30 is whether or not small air voids are present in these composites. Properties 
may depend upon stress concentrations building up at voids from which crack 
propagation can be initiated. In more brittle materials this can lead to large losses in 
property values and experimental scatter. 
The average flexural strength values of PT-30/Cloisite 10A (from 1 wt% to 5 
wt%) series are 39MPa, 28MPa, 48MPa, 42MPa and 45MPa, respectively. Interestingly, 
the average flexural moduli of this series samples are all higher than the 3062MPa value 
of pure PT-30, except for the PT-30/Cloisite 10A 2% composite. The dispersion of 
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Cloisite 10A did not significantly improve the flexural strengths of PT-30/Cloisite 10A
composites, but it did increase the flexural moduli of the same composites. 
The average flexural strength values of PT-30/Cloisite 30B (from 1 wt% to 5 
wt%) series are 48MPa, 58MPa, 65MPa, 45MPa and 49MPa, respectively. Ignoring the 
experimental scatter, all the PT-30/Cloisite 30B composites show the higher flexural 
strengths than that of pure PT-30. The largest average flexural strength increase (versus 
PT-30) is from 46MPa to 65MPa (41%) in the PT-30/Cloisite 30B 3 wt% sample. The 
average flexural modulus values of PT-30/Cloisite 30B (from 1 wt% to 5 wt%) series are 
3352MPa, 2953MPa, 3070MPa, 3417MPa and 3469MPa, respectively. The average 
flexural moduli of this series samples are all higher than that of pure PT-30, except the 
PT-30/Cloisite 30B 2 wt% composite. The dispersion of Cloisite 30B into PT-30 can 
improve the flexural strength and flexural modulus of pure PT-30 resin. 
The average flexural strength values of PT-30/Nanomer I.28E (from 1 wt% to 5 
wt%) series are 37MPa, 39MPa, 38MPa, 41MPa and 26MPa, respectively, all of which 
are lower than the 46MPa value of pure PT-30. The average flexural moduli values of 
PT-30/Nanomer I.28E (from 1 wt% to 5 wt%) series are 3436MPa, 3216MPa, 3075MPa, 
3023MPa and 2783MPa, respectively. Only the lowest Nanomer I.28E clay loading (1 
wt%) displays certainly an improved flexural modulus versus PT-30 (3062MPa) among 
this composite series. 





composites (53MPa and 75MPa) are significantly higher than the 46MPa value of pure 
PT-30. But the lower wt% clay samples in this series had lower flexural strengths than 
PT-30. The average flexural moduli values of PT-30/Nanomer I.30E (from 1 wt% to 5 
wt%) series are 2664MPa, 3609MPa, 3964MPa, 4183Pa and 4565MPa, respectively. The 
low value of the Nanomer I.30E loading (1 wt%) composite is probably an anomalous 
result. The 4 and 5 wt% Namomer I.30E samples exhibited the improved flexural 
strengths (15% and 63%, respectively). The corresponding flexural moduli increased 
37% and 49%. 
The average flexural strength values of PT-30/Nanomer I.44PA (1, 3, 4 and 5 
wt%) (43MPa, 48MPa, 45MPa and 42MPa, respectively) are all close to that of PT-30 
(46MPa). The flexural moduli in this series show considerable scatter with different clay 
loading and no generalizations are attempted in this series. However, the 4wt% Nanomer 
I.44PA clay sample exhibited a large flexural modulus increase of 48% versus pure 
PT-30. 
      
 




The five series of PT-30/organoclay nanocomposites were prepared, and their 
characterization and properties were studied in this thesis. The five types of commercial 
organic modified clay particles (Cloisite 10A, Cloisite 30B, Nanomer I.28E, Nanomer 
I.30E and Nanomer I.44PA) were blended in various loading levels (from 1 to 5 wt%) 
into the PT-30 resin precursor. The mixtures were blended in a solvent and sonicated 
followed by solvent removal and curing. All PT-30/clay composite samples were cured 
with the sample time/temperature protocol described on page 21 in this thesis. 
XRD and TEM were employed to analyze the nanodispersions of clay in the 
PT-30 matrix. Several PT-30/clay composites were selected in the XRD and TEM tests to 
represent the general dispersion degree of various clay species and loadings. XRD results
confirmed all the composite samples showed the d-spacing increases of the clay layers 
when dispersed in PT-30 resin. This occurs by polymer intercalation, which enlarges the 
d-spacings compared with the original d-spacings of as-received organoclays. The 
average d-spacing of Cloisite 30B in PT-30/Cloisite 30B 1 wt% was expanded from 
1.85nm to 2.71nm. The increases of average d-spacing of Cloisite 30B in PT-30/Cloisite 
30B 2 and 5 wt% were 0.96nm (from 1.85nm to 2.81nm) and 1.05nm (from 1.85nm to 
80 
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2.90nm), respectively. The increases of average d-spacing of Cloisite 10A, Nanomer 
I.28E, Nanomer I.30E and Nanomer I.44PA in PT-30/clay 2 wt% composites were 
0.93nm (from 1.92nm to 2.85nm), 0.55nm (from 2.56nm to 3.11nm), 0.70nm (from 
2.30nm to 3.00nm) and 0.39nm (from 2.56nm to 2.95nm), respectively. The peaks of 
unpillared clays also existed in the PT-30/Cloisite 30B 5 wt%, PT-30/Nanomet I.28E 2 
wt% and PT-30/Nanomet I.44PA 2 wt%. 
The clay dispersions in several selected PT-30/clay composites were analyzed 
from TEM micrographs with different resolutions of these. All TEM micrographs 
illustrated the intercalation of PT-30 into clay layers and the exfoliation/cleavage of large 
clay tactoids to smaller sized clay tactoids during the curing process of PT-30/clay 
composites. Statistical distributions were obtained such as mumber of clay tactoids versus 
the thickness of clay tactoids, number of clay tactoids versus number of platelets per 
tactoid, and percentage of total clay platelets counted versus the number of platelets per 
tactoid. These were conducted based on the XRD and TEM measurements. A clear 
conclusion is that nanodispersion has not proceeded anywhere close to complete 
exfoliation. 
DSC tests were done in several selected PT-30/clay composites and pure PT-30 
resin to observe the glass transition temperature. For the highly crosslinked PT-30 resin, it 
is difficult to obtain a clear value for this secondary thermodynamic transition because 
thermally activated segmental motions may begin over a temperature range in this highly 
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crosslinked matrix. Thus, the starting of the Tg range (the temperature at which the slope 
of heat flow/temperature curve changes), Tcom, of each composite samples was used to 
compare with the Tg of the pure PT-30 resin. No important changes in this property could 
be detected going from the neat resin to the nanocomposites. 
Three-point bending tests showed that higher clay loading tends to give higher 
flexural strengths and flexural moduli if experimental scatter and anomalous results were 
ignored. 
The addition and dispersion of clay particles within polymer matrix are used to 
improve the properties of the neat polymer resin. The flexural strength and modulus of 
pure PT-30 were increased in some PT-30/clay nanocomposite samples. This is due to the 
partial exfoliation of clay tactoids within the PT-30 matrix and the intercalation of PT-30 
between clay galleries, which could be observed from XRD and TEM results. The 
enhancement of flexural properties would let these PT-30/clay composites be useful in the 
engineering applications. The lack of improvements in the thermal properties of these 
composites was seen in DSC tests. PT-30 is a thermoset resin with highly crosslinked 
structure. Even without an improved Tg, PT-30/clay nanocompoisites can be employed in 
higher temperature range than a lot of polymer and composite materials. The barrier 
resistance to solvent (such as water) of these PT-30/caly composites is expected to be 
excellent because of the PT-30’s highly crosslinked structure and the high dispersion of 
clay tactoids. 
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The characterization and properties of the PT-30/organoclay composite materials 
were studied by X-ray diffraction (XRD), transmission electron microscopy (TEM) and 
differential scanning calorimetry (DSC). The explanations of the theoretical and 
experimental approaches using these techniques on these samples are demonstrated in the 
appendix chapter. 
1. X-ray Diffraction (XRD) 
X-Ray Diffraction is a powerful technique to study crystalline structures. In solid 
state chemistry, materials science and biochemistry, X-ray diffraction experiments are 
used to determine the structures of crystalline materials, typically by measuring the 
distances between the atomic lattices [1]. The wavelength of x-ray used in XRD 
technologies is about a few angstroms, which is in the same size range of atoms and 
molecules. It is well known that diffractions occur when the repeating distances in a 
structure have the approximate size as the wavelength of the impinged wave. Thus x-ray 
diffraction can be applied to probe the structural arrangement of atoms and molecules [2]. 
Figure 4.1 shows the reflection of x-rays from two planes of atoms in a solid. 
Based on Bragg’s law, the distance between two successive atomic lattices (d) can be 
determined by Equation 4-1, where  is the wavelength of specific x-ray, and θ is the 
diffraction angle. 







Figure 4.1 Reflection of x-rays from two planes of atoms in a solid 
Bragg’s law is applicable when the atoms in Figure 4.1 are displaced by 
molecules or collection of molecules, including polymers, colloids, proteins, DNA and 
particles [3]. Clay has a planar layered structure, which can be probed by x-ray 
diffraction. Basically an x-ray source, a test sample and a detector to collect the diffracted 
x-rays construct the main elements of a typical XRD experimental instrument. A
schematic of an x-ray diffractometer system is displayed in figure 4.2. The most 
commonly used x-ray source is copper, which has the characteristic wavelength for K 
radiation at 1.5418Å [4]. When a beam of x-ray bombards a test sample from various 
angles, the diffraction angle (normally expressed as 2θ) has a range of 5 to 70 degrees, 
which can cover the most useful part of the XRD pattern [4]. Then a moveable detector is 
used to collect the diffracted beam. The scanning speed of the detector is usually 2 
degrees per minute [4]. In other words, the experimental time needed to obtain a trace is 







XRD data are collected, analyzed, and produced in the forms of the diffraction angles 2θ 
(x-axis) vs the diffraction intensities (y-axis). 
Figure 4.2 A schematic diagram of a diffractometer system (adopted with permission 
from [5]) 
Cloisite 10A, a common commercial clay, was analyzed on a Rigaku Ultima III 
diffractometer system operating at 40 kV and 44 mA located in the Department of 
Polymer Science and Engineering at University of Southern Mississippi. This Cloisite 
10A sample serves as a standard for comparison with the XTD patterns of 
PT-30/organoclay composites. This pattern is displayed in Figure 4.3. The peak in pure 
Cloisite 10A located at 2θ= 4.64 degree indicates the average d-spacing of pure Cloisite 
10A is 1.90nm. This number is very close to the referenced d-spacing of 1.92nm on the 
data sheet of Cloisite 10A from Southern Clay Products, Inc. Based on the analysis result 
of the Cloisite 10A, using the d-spacing data supplied by clay producer is reasonable to 
estimate the expansion of the d-spacing of clay tactoids dispersed into PT-30 matrix. The 
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d-spacing values of intercalated organoclays with PT-30 resins were directly taken from 
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Figure 4.3 The XRD pattern of pure Cloisite 10A clay particles 
2. Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) is an optical analogue imaging 
technique. TEM uses the wave-like properties of electrons. When a beam of electron 
particles is focused onto a specimen, it behaves like a beam of radiation. The wavelength 
() of an electron depends on its energy. The deBroglie equation (Equation 4-2) discribes 
this relation. The wavelength of a beam of electrons is tuned to a specific value by 
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adjusting an accelerating field [6]. Equation 4-3 induced from Equation 4-2 indicates the 
relation between wavelength and accelerating voltage in the accelerating field [7]. 
h h   
p mv 4-2 
where h = Planck's constant (6.62608 × 10-27 erg/s) 
m = mass of the electron 
1.23  nm 
V 4-3 
Where V = accelerating voltage 
A modern high resolution transmission electron microscope can produce a 
wavelength 0.05 nm at 60 kV, which is much smaller than that of visible light [8]. This 
beam of single-energy electrons can transmit and interact with the sample, to provide an 
image with much higher resolution than is possible with conventional light microscopes 
[9]. The electron source comes from a thermionic discharge process, or from field 
emission [8]. Then the emitted electron beams are accelerated by an electric field. The 
lens system composed of electrical and magnetic fields assists the electron beams in 
aiming and bombarding onto the sample [10]. When the beam transmits through the thin 
film to be investigated, the objective lens system collects the transmitted beams to form 
the image [10]. 
When the TEM instrument projects electrons with a specific wavelength on a thin 





appears on a fluorescent screen or layer of photographic film [10]. Today most detectors 
applied in TEM techniques are CCD cameras. Then the TEM images can be analyzed 
directly to gain a lot of detailed information about the shape structures of the components
in a specimen. Drawbacks, such as time consuming sample preparation, limit the more 
widely applications of TEM [8]. The destruction of sample may occur [8]. Most 
important is the relatively small viewing area [8]. TEM is still a powerful tool for 
studying the internal structures of various specimens. Today, “the TEM is used heavily in 
both material science/metallurgy and the biological sciences”[8]. Figure 4.4 displays a 
schematic diagram of a typical TEM instrument. 
Figure 4.4 A schematic diagram of a typical TEM instrument (adopted with permission 
from [11]) 
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3. Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) is a thermoanalytical technique [12]. In a
DSC experiment, a test sample and a reference are heated uniformly. Both the sample and 
reference are kept at almost the same temperature throughout the experiment [12]. When 
the sample undergoes a physical transformation such as a phase transition, more (or less) 
heat will need to flow to it than to the reference in order to maintain both at the same 
temperature [12]. This difference in the heat flow is monitored and recorded by a DSC 
detector. An exothermic or endothermic process within the sample will produce a 
deviation between the two heat flows to the sample and reference [12]. This difference 
results in a peak in the DSC curve [12]. By observing the difference in heat flow between 
the sample and reference, differential scanning calorimeters are able to measure the 
amount of energy absorbed or released during the transitions within a sample [12]. 
A typical differential scanning calorimeter consists of two sealed pans: a sample 
pan and a reference pan (which is generally an empty sample pan) [12]. These pans are 
often composed of aluminum [12]. The differences in the heat flow between the sample 
and reference are monitored and sent to an output device. Then a plot of the differential 
heat flow between the reference and sample cell as a function of temperature is produced 
[12]. Differential scanning calorimetry can be used to measure a number of characteristic 
sample parameters [12]. It is possible to observe fusion and crystallization events as well 
      
 
 




as glass transition temperatures (Tg) [12]. In addition to these applications, DSC can be 
used to study oxidations as well as other chemical reactions [12]. 
There are two main types of differential scanning calorimeters: heat flux DSC and 
power compensation DSC [12]. Figure 4.4 shows a typical power compensation DSC. 
This type of instrument was used in studying the PT-30/nanoclay compoiste samples. 
Specifically, a Perkin Elmer DSC 7 differential scanning calorimeter, power 
compensation DSC was used. 
Figure 4.5 A typical power compensation DSC (adopted from [13]) 
Perkin Elmer’s power-compensated “null-balance”DSC principle is applied to 
obtain the DSC measurement [14]. The “null-balance” principle means that the 
compensation of energy absorbed by a tested sample can be supplied (added or 
substracted) by a heater located in the sample holder [14]. The energy absorbed/emitted 
 




from the heater is measured and transmitted to electronic signals [14]. The heat flows are 
defined by the equation: heat/time = heat flow. Usually the temperature and heat flow 
from a specific sample produce a graphic DSC pattern [14]. Useful information about the 
thermal properties of this sample can be analyzed and calculated with the assistance of 
professional computer software [14]. A computer is used to control the calorimeter 
through a TAC 7/DX thermal analysis instrument controller [14]. The control software 
employed in this work is the Pysis Software for Windows [14]. 
In the Perkin Elmer DSC 7 differential scanning calorimeter, the energy is 
measured by a platinum resistance heater [14]. The temperature is measured by a 
thermometer [14]. This platinum resistance heater releases or absorbs the heat 
continueously and automatically from the test sample pan to keep the temperature of the 
sample holder at the same temperature as the reference holder [14]. The calibration of the 
DSC 7 with a high-purity standard and reference materials is necessary to produce 
convincing DSC experiments [14]. These calibration standards have known temperature 
and energy transitions. By collecting the specific calibration data, the calibration program 
running on the control computer will calibrate the DSC instrument automatically [14]. 
Temperature, heat flow and furnace in the DSC equipment should be calibrated [14]. The 
reference materials for running DSC in the temperature range from ambient to 500ºC are 
very-high-purity (>99.9%) indium and zinc, which have the known transition points at
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156.60ºC and 419.47ºC, and transition energies at 28.45 J/g and 108.37 J/g, respectively 
[14]. 
Glass transitions occur as the temperature of an amorphous solid is increased [12]. 
A glass transition is characterized by a decrease in viscosity [12]. These transitions 
appear as a step in the baseline of the recorded DSC signal, due to a change in the 
sample’s heat capacity [12]. No formal phase change occurs. On PT-30/Clay composite 
samples, the beginning of the glass transition is indicated by a slope change on the DSC 
heat flow/temperature plot. The changes in thermal properties can be studied by 
comparing the Tgs of different PT-30/Clay samples (different clay types with the same 
clay loading, and different clay loadings with the same clay type). 
4. Management of the clay tactoid distribution data 
The combination of TEM and XRD measurements each supply information which 
can be combined to elucidate the distribution of clay tactoids in polymer matrices [15]. 
XRD responses determined the d-spacing values of clay tactoids dispersed into polymer 
matix. Image analysis software Image Pro Plus 5.0 was used to measure and collect the 
thicknesses of clay tactoids imaged by TEM. After the average d-spacing of a dispered 
organoclay and the thickness of a specific clay tactoid in a polymer matrix are determined, 
the number of individual clay layers in this clay tactoid can be calculated using Equation 
4-3. This equation is considered an approximation because the detailed three-dimensional 
                         
     
     
      
101 
geometry of clay tactoids was not taken into account a variety of d-spacings exist. 
Although the distributions of clay tactoids are approximate, they are still valuable to 
study the extent of clay dispersion into polymer matrix. 
N= T/d Equation 4-3 
Where N = the number of individual clay layers in a clay tactoid, 
T = the thickness (nm) of the clay tactoids, 
d = the average d-spacing of clay tactoids 
The TEM films are scanned into a computer with a HP 6610 scanner. These image 
files are treated through the image analysis software Image Pro Plus 5.0. First, the TEM 
image magnification is known. The real size of the tactoid image can be measured with a 
ruler. Then the thickness of a clay tactoid shadow on the film is converted to the real clay 
tactoid thickness by using the magnification factor. For example, a clay tactoid shadow 
on a film might be 0.3 mm in an image acquired at a magnification of 10,000. The real 
thickness of this clay tactoid is 0.3 mm/10,000= 3x10-7 m = 300 nm. With the Image Pro 
Plus 5.0, the thicknesses of clay tactoids on the TEM films can be colleted more precisely 
and quickly than done by individual manual measurements. In Figure 4.5, the film width 
is measure as 1642.001 pixels in the software. The real width of a standard TEM film is 
6.98cm. This width represents 6.98um in the polymer/clay sample. Now the relationship 
between the computer distance unit (pixel) and the real distance unit (nm) becomes 1 
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pixel = 4.251nm. Figure 4.5 displays the use of the Image Pro Plus 5.0 to measure the 
thickness of a clay tactoid. The thicknesses of all the visible clay tactoids were measured. 
The output data were changed then to the real sizes of those clay tactoids presented on the 
TEM film. 
Figure 4.6 The using of the Image Pro Plus 5.0 to measure the thickness of a clay 
tactoid 
The distributions of clay tactoids in the PT-30/clay nanocomposites were 




d-spacings of the dispersed clays within the PT-30 matrix could be obtained directly from 
XRD analysis. The thicknesses of the clay tactoids were measured in the TEM 
micrographs. Thus, the number of platelets per tactoid was calculated by dividing the 
thickness of each tactoid by the average d-spacing value of the clay layers. 
In order to get reliable distribution information, a large number of clay tactoids 
need to be counted and measured. Each TEM micrograph only shows the image of a 
limited area of a composite sample. Is the range and distribution of clay tactoids found in 
this area representative of the total sample? How many TEM micrographs and clay 
tactoids are needed to represent the reliably distribution of the clay tactoids within the 
resin? 
Figure 4.7 displays one (No.1) of the TEM micrographs for PT-30/Cloisite 10A 2 
wt% composite sample at a magnification of 10,000. The average d-spacing value of 
Cloisite 10A in this sample is 3.71nm. As mentioned above, the thicknesses (nm) of clay 
tactoids can be measured and converted (1 pixel = 4.251nm) from the TEM image. Then 
the number of platelets of per tactoid can be calculated by thickness/d-spacing. The 
thicknesses of all tactoids found in this micrograph and the number of platelets of per 
tactoid are listed in Table 4.1. The total number of clay tactoids found in this TEM 
micrograph is 78. The numbers of tactoids with same size (expressed as the number of 
platelet) range and the percentage of total tactoids found are listed in Table 4.2. Figure 
4.8 shows the distribution of clay Cloisite 10A tactoids in the TEM micrograph area. 
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Figure 4.7 TEM micrograph of PT-30/Cloisite 10A 2 wt% composite (No.1) 
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Table 4.1 The Thicknesses of all tactoids found and number of platelets per tactoid in 
the micrograph shown in Figure 4.7 
Number of tactoids 
Thickness of clay tactoids 
(pixel) 
Thickness of clay tactoids 
(nm) 
Number of platelets 
per tactoid 
1 4.242641 18.05379 5 
2 4.472136 19.03037 5 
3 5 21.2766 6 
4 5.385165 22.9156 6 
5 5.656854 24.07172 6 
6 5.656854 24.07172 6 
7 6.403124 27.24734 7 
8 6.708204 28.54555 8 
9 7.071068 30.08965 8 
10 7.071068 30.08965 8 
11 7.211103 30.68554 8 
12 8.602325 36.60564 10 
13 9.055385 38.53355 10 
14 10 42.55319 11 
15 10.04988 42.76545 12 
16 12.20656 51.94281 14 
17 13.41641 57.09111 15 
18 13.60147 57.8786 16 
19 14 59.57447 16 
20 14 59.57447 16 
21 14.03567 59.72626 16 
22 14.03567 59.72626 16 
23 14.31782 60.92689 16 
24 14.42221 61.37111 17 
25 15.23155 64.81511 17 
26 15.81139 67.28251 18 
27 15.81139 67.28251 18 
28 16.12452 68.61498 18 
29 16.40122 69.79243 19 
30 17 72.34043 19 
31 18 76.59574 21 
32 18.02776 76.71387 21 









Table 4.1 (continued) 
34 19.0263 80.96298 22 
19.92486 84.78664 23 
36 21.0238 89.46298 24 
37 21.18962 90.1686 24 
38 22 93.61702 25 
39 22 93.61702 25 
22 93.61702 25 
41 22.02272 93.7137 25 
42 22.13594 94.19549 25 
43 22.80351 97.03621 26 
44 23 97.87234 26 
23.34524 99.34145 27 
46 23.43075 99.70532 27 
47 23.76973 101.1478 27 
48 24.83948 105.6999 28 
49 26.68333 113.5461 31 
26.90725 114.4989 31 
51 28.23119 120.1327 32 
52 28.4605 121.1085 33 
53 29.06888 123.6974 33 
54 29.15476 124.0628 33 
31.95309 135.9706 37 
56 32.55764 138.5431 37 
57 35.01428 148.9969 40 
58 36.05551 153.4277 41 
59 36.87818 156.9284 42 
37.69615 160.4091 43 
61 38.27532 162.8737 44 
62 38.47077 163.7054 44 
63 39.11521 166.4477 45 
64 41.01219 174.52 47 
42.05948 178.9765 48 
66 45.12206 192.0088 52 
67 45.48626 193.5586 52 
68 46.87217 199.456 54 
69 50.92151 216.6873 58 
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Table 4.1 (continued) 
70 54.74486 232.9569 63 
71 56.32051 239.6617 65 
72 59.80803 254.5023 69 
73 60.07495 255.6381 69 
74 63.3877 269.7349 73 
75 69.89278 297.4161 80 
76 73.24616 311.6858 84 
77 100.6628 428.3523 115 
78 118.423 503.9277 136 
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Table 4.2 The numbers of tactoids with same size range and the percentage of total 
tactoids found 
Size range (platelets) Number of tactoids with same 
size range 
Percentage of total tactoids 
found (%) 
0-5 2 0.409836 
6-10 11 3.401639 
11-15 4 2.131148 
16-20 13 9.098361 
21-25 12 11.51639 
26-30 6 6.598361 
31-35 6 7.909836 
36-40 3 4.672131 
41-45 6 10.61475 
46-50 2 3.893443 
51-55 3 6.47541 
56-60 1 2.377049 
61-65 2 5.245902 
66-70 2 5.655738 
71-75 1 2.991803 
76-80 1 3.278689 
81-85 1 3.442623 
86-90 0 0 
91-95 0 0 
96-100 0 0 
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Figure 4.8 The distribution of 2 wt% Cloisite 10A tactoids sizes found in the single 
TEM micrograph (in Figure 4.7) within the PT-30 resin 
Figure 4.9 displays another (No.2) of the TEM micrographs for PT-30/Cloisite 
10A 2 wt% composite sample at a magnification of 10,000. The total number of clay 
tactoids found in this TEM micrograph area is 66. The numbers of tactoids with same 
size (expressed as the number of platelet) range and the percentage of total tactoids found 
in Figures 4.7 and 4.9 are combined together and listed in Table 4.3. Figure 4.10 shows 
the distribution of clay Cloisite 10A tactoids in these two TEM micrograph areas. 
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Figure 4.9 TEM micrograph of PT-30/Cloisite 10A 2 wt% composite (No.2) 
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Table 4.3 The numbers of tactoids with same size range and the percentage of total 
tactoids found in Figures 4.7 and 4.9 
Size range (platelets) Number of tactoids with same 
size range 
Percentage of total tactoids 
found (%) 
5 3 0.292859 
10 15 2.523091 
15 15 4.370354 
20 20 7.884659 
25 24 12.50282 
30 15 9.191259 
35 8 5.90223 
40 8 6.780806 
45 10 9.776977 
50 3 3.176391 
55 3 3.55936 
60 3 3.829691 
65 4 5.631899 
70 4 6.172561 
75 3 4.978599 
80 1 1.802208 
85 2 3.717053 
90 0 0 
95 0 0 
100 1 2.25276 
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Figure 4.10 The distribution of 2 wt% Cloisite 10A tactoids sizes found in two TEM 
micrographs (in Figures 4.7 and 4.9) within the PT-30 resin 
Comparing the histograms of 2 wt% Cloisite 10A in Figures 4.2 and 4.4, the 
significant change can be observed. 
Figure 4.11 displays a third (No.3) TEM micrograph for this same PT-30/Cloisite 
10A 2 wt% composite sample at a magnification of 10,000. The total number of clay 
tactoids found in this TEM micrograph area is 63. The numbers of tactoids with same 
size (expressed as the number of platelet) range and the percentage of total tactoids found 
in Figures 4.7, 4.9 and 4.11 are combined together and listed in Table 4.4. Figure 4.12 
shows the distribution of clay Cloisite 10A tactoids in these three TEM micrograph areas. 
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Figure 4.11 TEM micrograph of PT-30/Cloisite 10A 2 wt% composite (No.3) 
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Table 4.4 The numbers of tactoids with same size range and the percentage of total 
tactoids found in Figures 4.7, 4.9 and 4.11 
Size range (platelets) Number of tactoids with same 
size range 
Percentage of total tactoids 
found (%) 
5 8 0.494667 
10 21 2.519709 
15 22 4.390168 
20 31 8.455712 
25 29 10.41892 
30 18 7.605503 
35 13 6.600711 
40 13 7.590045 
45 13 8.672129 
50 4 2.937085 
55 6 4.869377 
60 4 3.509043 
65 6 5.858711 
70 4 4.235585 
75 4 4.544752 
80 1 1.236667 
85 2 2.550626 
90 1 1.375792 
95 0 0 
100 2 3.029835 
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Figure 4.12 The distribution of 2 wt% Cloisite 10A tactoids sizes found in three TEM 
micrographs within PT-30 resin 
A modest change of histogram distribution is still observed after comparing 
Figures 4.10 and 4.12. This change is smaller than the comparison between Figures 4.8 
and 4.10. 
Figure 4.13 displays a fourth TEM micrograph for PT-30/Cloisite 10A 2 wt% 
sample at a magnification of 10,000. The total number of clay tactoids found in this TEM 
micrograph area is 54. The numbers of tactoids with same size range (expressed as the 
number of platelets) and the percentage of total tactoids found in Figures 4.7, 4.9, 4.1` 
and 4.13 are combined together and listed in Table 4.5. Figure 4.14 shows the distribution 
of clay Cloisite 10A tactoids present in all of these four TEM micrographs. 
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Figure 4.13 TEM micrograph of PT-30/Cloisite 10A 2 wt% composite (No.4) 
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Table 4.5 The numbers of tactoids with same size range and the percentage of total 
tactoids found in Figures 4.7, 4.9, 4.11 and 4.13 
Size range (platelets) Number of tactoids with same 
size range 
Percentage of total tactoids 
found (%) 
5 9 0.4479 
10 34 3.23032 
15 28 2.9459 
20 34 7.4113 
25 34 9.70161 
30 22 7.39848 
35 19 7.66227 
40 19 8.83332 
45 13 6.89722 
50 7 4.06769 
55 10 6.48793 
60 4 2.79529 
65 7 5.45945 
70 4 3.36329 
75 4 3.6018 
80 1 0.98496 
85 3 3.05257 
90 1 1.08841 
95 0 0 
100 2 2.40559 
100-200 5 7.24524 












































































Number of Platelets per Tactoid 
Figure 4.14 The distribution of 2 wt% Cloisite 10A tactoids sizes found in four TEM 
micrographs within the PT-30 resin 
The histograms of 2 wt% Cloisite 10A in Figures 4.12 and 4.14 change so little 
that their results are essentially the same. The evolution of these distributions (clay 
tactoid sizes versus the increase number of clay tactoids counted) is displayed in Figure 
4.15. This figure clearly illustrates the trend. It shows that by examining a far larger 
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Figure 4.15 The combination of all four distribution patterns of tactoid sizes 
This leads to the conclusion that the sum of tactoids found in four TEM 
micrographs (about 200 tactoids counted) is reliable enough to represent the distribution 
of the clay tactoid sizes within the PT-30 resin in a reasonable fashion. 
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